In many realizations of electron spin qubits the dominant source of decoherence is the fluctuating nuclear spin bath of the host material. The slowness of this bath lends itself to a promising mitigation strategy where the nuclear spin bath is prepared in a narrowed state with suppressed fluctuations. Here, this approach is realized for a two-electron spin qubit in a GaAs double quantum dot and a nearly ten-fold increase in the inhomogeneous dephasing time T * 2 is demonstrated. Between subsequent measurements, the bath is prepared by using the qubit as a feedback loop that first measures its nuclear environment by coherent precession, and then polarizes it depending on the final state. This procedure results in a stable fixed point at a nonzero polarization gradient between the two dots, which enables fast universal qubit control.
In many realizations of electron spin qubits the dominant source of decoherence is the fluctuating nuclear spin bath of the host material. The slowness of this bath lends itself to a promising mitigation strategy where the nuclear spin bath is prepared in a narrowed state with suppressed fluctuations. Here, this approach is realized for a two-electron spin qubit in a GaAs double quantum dot and a nearly ten-fold increase in the inhomogeneous dephasing time T * 2 is demonstrated. Between subsequent measurements, the bath is prepared by using the qubit as a feedback loop that first measures its nuclear environment by coherent precession, and then polarizes it depending on the final state. This procedure results in a stable fixed point at a nonzero polarization gradient between the two dots, which enables fast universal qubit control. Spins in semiconductors are attractive qubits because of their long coherence times [1] [2] [3] , their electrical control and readout [4] , and their potential for scalability [5] . Few-electron quantum dot devices have been used successfully in recent years to demonstrate universal control of electron spin qubits as well as single shot readout [6] [7] [8] [9] . However, interaction of the qubit spin(s) with nearby nuclear spins is a significant source of decoherence in several systems [2-4, 10, 11] . It is therefore very attractive to prepare the spin environment of the electron in a way that mitigates this decoherence. One approach would be to polarize it [12] , but the nearly complete polarization required for improved coherence [13] is difficult to achieve.
Here, we present a method to narrow the distribution of the fluctuating nuclear hyperfine field while maintaining a weak polarization. In addition to the reduced decoherence, such a narrowed state is of interest for studying the long-time quantum dynamics arising from the spinbath interaction [14] . Our method relies on first letting the qubit evolve under the influence of the bath. The resulting final state of the qubit controls the effectiveness of a subsequent dynamic nuclear polarization step. The qubit thus acts as a complete feedback loop, and the outcome of its measurement of the controlled variable does not need to be known to the outside world.
Electron-nuclear feedback mechanisms were previously observed in resonance locking experiments under microwave [15] and optical irradiation [16] [17] [18] . In Refs. [15, 17] , a narrowing of the hyperfine field was inferred from the observed bidirectional polarization keeping the system on resonance, but not experimentally verified. In Ref. [16] , narrowing was detected spectroscopically, and Ref. [18] studied an ensemble of optically controlled quantum dots. Here, we directly measure the narrowed distribution of the hyperfine field and the dephasing time, T * 2 , of a single, electrically controlled qubit. T * 2 is enhanced by nearly an order of magnitude. In contrast to previous experiments, where the feedback mechanism is intrinsic to the polarization dynamics [19, 20] , we have intentionally designed it by manipulating the qubit.
The spin qubit studied in this work employs the m = 0 subspace of two electron spins in a double quantum dot. The energy splitting between the two basis states depends on the hyperfine field gradient between the two dots. Ref. [21] reported a complete elimination of this gradient and an associated enhancement of T * 2 in similar devices. However, there is now a more likely interpretation of that experiment in terms of a loss of readout contrast due to a large hyperfine field gradient that accelerates inelastic decay [22] . Furthermore, maintaining a nonzero average field gradient as done here is essential for universal fast electrical control of the qubit [9] .
The double quantum dot forming our qubit is created by locally depleting a 90 nm deep two dimensional electron gas (2DEG) with electrostatic gates [ Fig. 1(a) ]. Each dot is tunnel coupled to a lead and the inter-dot tunnel coupling is t c ∼ 20µeV. The phase space of our qubit is spanned by the singlet |S ≡ (| ↑↓ − | ↓↑ )/ √ 2 and the triplet |T 0 ≡ (| ↑↓ + | ↓↑ )/ √ 2. The remaining two states, |T + ≡ | ↑↑ and |T − ≡ | ↓↓ , are split off by the Zeeman energy E Z = g * µ B B ext induced by an external magnetic field B ext . Throughout this work, B ext = 0.7 T was applied along the z-axis, parallel to the 2DEG. The encoding of the qubit in two spins enables fast electrical control via the energy difference, ε, between states with both electrons in one dot and one electron in each dot, respectively [4, 9, 23] . The energies of the four spin states depend on ε as shown in Fig. 1(c) . High frequency coaxial lines connected to two gates GL and GR allow rapid changes of ε.
At ε ≪ 0, the electrons are fully separated and acquire a phase at a rate proportional to the magnetic field in each dot [ Fig. 1(b) ]. These local fields are the sum of the homogeneous external field and a hyperfine field proportional to the nuclear polarization parallel to B ext . Any difference ∆B z nuc between the two hyperfine fields leads to coherent oscillations of the qubit's state between |S and |T 0 . We probe the hyperfine field gradient, ∆B z nuc , by measuring this free precession using a standard prepare-evolve-measure cycle [4, 8, 9] relying on spin to charge conversion and a quantum point contact for readout. The probability P S of finding the electron in |S varies sinusoidally with the evolution time τ S [inset to Fig. 2(a) ], with a frequency given by f = |g * µ B ∆B z nuc |/h, where g * ≈ −0.4 is the g-factor for a confined electron in GaAs. Fitting a sine curve every time a τ S sweep is completed yields a time trace of |∆B z nuc | with a sampling rate of about 1 Hz [24] , which is fast enough to probe slow random variations of the nuclear polarization [25] .
This near real-time measurement of ∆B z nuc allows us to use pump cycles discussed in detail in Refs. [9, 21, 26] to compensate the fluctuations of the spin bath. These pump cycles use the degeneracy point of |S and |T + [point P in Fig. 1(c) ] to exchange spin between the electrons and the nuclei. In the so called S (T + ) pumping cycle, we prepare a |S (|T + ) and then sweep trough the S-T + transition, which builds up a polarization of the same (opposite) sign as the applied field in each of the dots. How these pump cycles affect ∆B z nuc depends on the imbalance of the polarization rates in the two dots, which may, for example, arise from different dot sizes [27] due to disorder. Experimentally, we can probe their effect by running on the order of 10 6 cycles (at a 4 MHz repetition rate) between measurements of ∆B z nuc . This alternation between measuring and pumping was applied throughout the remainder of the paper. We find that the two pump cycles always change ∆B z nuc in opposite directions. If the gradient reaches zero while pumping, it immediately increases again, which suggests a sign change. This behavior is consistent with Ref. [9] , where the T + -cycle was first introduced.
To quantify the effect of pumping, we switch between S and T + -pumping whenever ∆B z nuc reaches one of two predetermined limits. This leads to a saw-tooth like time dependence of ∆B z nuc , as shown in Fig. 2(b) . Averaging over many such cycles [24] yields the mean rate of change of the gradient, ∆B z nuc /dt, as a function of its value ∆B z nuc [ Fig. 2(d)] . The approximately linear relation for S and T + -pumping reflects the relaxation of the polarization due to spin diffusion. For a fixed pump time and pulse, ∆B z nuc saturates once pumping and relaxation balance each other, but continues to fluctuate on time scales of up to minutes [ Fig. 2(a) ], with an rmsamplitude δ∆B z nuc of about 3 mT [ Fig. 3(c) ]. These fluctuations lead to a Gaussian decay of coherent S-T 0 oscillations after a time T * 2 = √ 2/(g * µ B δ∆B z nuc ) = 14 ns when averaging over many τ S sweeps with different oscillation frequencies [ Fig. 3(a) ].
Pumping with the S and T + -pulse for a fixed time generally does not change δ∆B z nuc appreciably. However, our ability to rapidly measure and manipulate ∆B z nuc enables us to narrow its distribution using software based feedback. A proportional-integral feedback loop determines the type and duration of pumping between measurements from the time trace of ∆B z nuc . This procedure reduced δ∆B z nuc by about a factor of 2, corresponding to T * 2 ≈ 30 ns. It was limited by the ≈ 1 Hz sampling rate of ∆B z nuc and could thus be improved with a faster readout technique [8, 28] .
While this software feedback method already uses the same qubit to measure and polarize the nuclei, these two tasks are linked via a relatively slow readout process and the measurement computer. In order to speed up the feedback response, we have bypassed this connection by combining both operations into a single pulse derived from the S-cycle [ Fig. 1(c) bottom] . In such a pulse feedback cycle, the qubit first probes its nuclear environment and then polarizes it depending on the result: after initialization in |S , the qubit is allowed to evolve at ε ≪ 0 for a time τ F B . As in the probe cycle, its state oscillates between |S and |T 0 , and the probability of ending in |S is given by (1 + cos(g * µ B ∆B z nuc τ F B / ))/2. Upon sweeping ε past the S-T + transition, a nuclear spin can only be [24] . PS is normalized by the change of the charge signal when sweeping gate voltages across the charge transition [9] . It does not decay all the way to zero because of inelastic decay of the metastable T0 during the measurement process. The dotted lines in panels (c)-(e) indicate where the polarization stagnates because the qubit is swept through the S-T+ transition in |T0 . The best match between PS and d∆B z nuc /dt is obtained for τS = 16 ns, whereas τF B = 15 ns. This difference probably reflects finite pulse rise times. (f) Schematic illustration of the summing of the pump rates as shown in panel (d) from S (top) and T+-pumping (middle) to obtain stable fixed points (blue dots, bottom). Fluctuations of ∆B z nuc away from these points are compensated by a restoring pump effect (arrows). 
